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COMPARISON OF THE 1959 HEBGEN LAKE, MONTANA AND THE
1983 BORAH PEAK, IDAHO, EARTHQUAKES FROM GEODETIC
OBSERVATIONS

By SERGIO E. BARRIENTO0S, R0SS S. STEIN, AND STEVEN N. WARD

ABSTRACT

We deduce the faull geometry, coseismic slip, and moment for two of the
largest historic earthquakes that have occurred in the Basin and Range of the
Western United States: the M = 7.3 1959 Hebgen Lake, Montana, earthquake and
the M = 6.9 1983 Borah Peak, |daho, event. Newly augmented data sets of vertical
deformation from geodetic leveling and from lake shoreline changes were
modeled by simple dislocations in an elastic half-space. The rms signal-to-noise
ratio is 12 for the Hebgen Lake data and 38 for the Borah Peak set. The residuals
for both models are about twice as large as the noise. The Hebgen Lake
earthquake struck on the 15- to 25-km-long en-echelon Hebgen and Red Canyon
faults, dipping 45° to 50° and extending to a depth of 10 to 15 km. The 7.0 and
7.8 m of dip-slip on these faults produced a combined moment of 1.2 x 10°°
N-m. The dip of the Red Canyon fault may decrease slightly with depth (in a listric
manner), abutting the planar Hebgen fault at a depth of 8 km. In addition, up to 1
m of deep slip occurred on the Holocene segment of the adjacent Madison Range
fault, 10 km west of the Hebgen fault. The Borah Peak segment of the Lost River
fault was found to dip 49°. Slip of 2.1 m occurred at the south fault end, extending
to a depth of 14 km; 1.4 m of slip occurred at the north end, where the fault
reached only to 6 km depth. A listric fault shape is not permitted by the geodetic
data at Borah Peak. Both the Hebgen-Red Canyon and the Lost River faults are
high-angle and neariy planar, despite the much greater age and length of the
Lost River fault in comparison to the en-echelon Hebgen faults. The chief differ-
ence between the earthquakes is the 3- to 4-fold higher slip at Hebgen relative
to Borah Peak and all other well-studied Basin and Range shocks. Thrust faults
located close to these active normal faults must either dip steeply at depth or
were not reactivated.

INTRODUCTION

The 1959 Hebgen Lake (M = 7.3} and the 1983 Borah Peak (M = 6.9) earthquakes
are two of the largest normal faulting events to have occurred historically in the
United States (Figure 1). The 1983 Borah Peak earthquake was well-recorded both
seismically and geodetically. The 1959 Hebgen Lake event possesses a more com-
plete geodetic record than a seismic record. In this study, we use measurements of
the vertical deformation of the ground to deduce the subsurface geometry of the
Hebgen Lake-Red Canyon fault in Montana and the Lost River fault in Idaho. We
vary the fault dimensions, orientation, and the curvature of the fault with depth,
and invert for the slip.

This comparison affords the chance to learn how the geometry of a youthful
normal fault differs from an older normal fault. Since both faults are associated

with older thrusts, we also test whether thgynormal faults flatten with depth as do
other exhumed thrusts and some active normal faults (Wernicke, 1981; Allmendin-
ger et al., 1983) in the Basin and Range Province.

Leveling observations of the elevation changes associated with both earthquakes
are augmented by new data. With the help of Gary Perasso, we recovered unpub-
lished U.S. Geological Survey leveling records from the Hebgen Liake area for the
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FIG. 1. Neotectonic setting of the 1983 Borah Peak and the 1959 Heﬁgen Lake earthquakes in the

northeastern Basin and Range Province.

preseismic and postseismic periods. These new data consists of a 20-km-long
segment that allow testing the data quality in a loop around the lake. The leveling
data is supplemented by Myers and Hamilton’s (1964) measurements of changes in
the Hebgen Lake shore and leveling turning points on the highway (Figure 2). With
these observations, we extend the work of Savage and Hastie (1966) on the Hebgen
Lake earthquake to examine multiple en-echelon and curved faults. At Borah Peak
in 1985, the National Geodetic Survey completed a new leveling survey oriented
paraliel to the Lost River fault. This line was previously leveled in 1933 (Figure 3).
Barrientos et al. (1985), Stein and Barrientos (1985a, b), and Ward and Barrientos
(1986) modeled the source parameters of the 1983 earthquake using only a fault-
crossing leveling line oriented normal to the fault. The new line enhances the
resolution of the fault geometry and slip along the central and northern portions of
the rupture where antithetical faulting occurred.

Although both earthquakes resulted from crustal extension in the northern Basin
and Range Province, the faults on which the shocks struck have different histories
and shapes: the Lost River fault is considerably older, and 4 times longer, than the
Hebgen Lake-Red Canyon fault. The Borah Peak earthquake ruptured the central
35-km segment of the 100-km-long Lost River fault (Figure 1). The fault has
displaced formerly adjacent beds about 3 kgn vertically and has been active for the
past 4 to 7 m.y. (Scott et al., 1985). The Yellowstone hot spot (Smith and Chris-
tiansen, 1980) crossed the south end of the Lost River fault about 5 m.y. ago. The
White Knob thrust fault, which was active during the Laramide Orogeny, strikes
parallel to and lies 2 to 5 km basinward of the Lost River normal fault (Bond,
1978).
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FiGg. 2. Main ruptures and data distribution at Hebgen Lake. Line A-A’ is based on leveling bench
marks {triangles) and leveling turning points (crosses). Two other lines, B-B’ and C-A, consist of leveling

bench marks. Squares represent lake shore height changes.

The Hebgen Lake earthquake occurred beneath two short northwest-trending
overlapping faults that closely follow Laramide thrust contacts. The normal faults
are part of a system that has more than 600,000 yr of age but less than 2 m.y., as
inferred by Christiansen (1986) from displacements of ash flow tuffs, and lie only
30 km from the Yellowstone Caldera rim. A 5 km-long segment of the north trending
Madison Range fault also ruptured during the 1959 earthquake (Figure 2). Anti-
thetical slip on late Quaternary faults south of Hebgen Lake, studied by Nash
(1984) and Myers and Hamiiton (1964), may be the easternmost extension of the
east-trending Centennial fault (Myers and Hamilton, 1964; Christiansen, 1986).
Thus, four faults with three different orientations slipped during the event, all at
locations close to the site of magma injection into the upper crust.

THE 1959 HEBGEN LAKE, MONTANA, EARTHQUAKE
Data

Four types of data were collected to analyze the static deformation field associated
with the 1959 Hebgen Lake earthquake: National Geodetic Survey leveling lines,
highway turning points, lake shore data, and fault scarp offsets. Figure 2 shows the
1959 fault scarps along Hebgen and Red Canyon faults on the northern side of the
lake and the data distribution. The three leveling lines, routes A-A’, B-B’, and C-
A (lines 1, 2, and 3, respectively), are denoted by dots. Highway turning points are
marked by crosses on line A-A’. Lake shore elevation changes are the squares along
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FIG. 3. Map view of the leveling route showing bench marks and the newly ruptured segment of the
Lost River fault at Borah Peak. Bench marks {crosses and squares) southwest of the fauit were leveled
n 1933. Those to the northeast (crosses) were leveled in 1948. All of them were releveled in 1985, The
circled bench marks are the two common points of the 1933 and 1948 routes. The s uares are newly
gathered observations. The star marks the epicenter determined from seismic data (Richins et af., 1985).

TABLE 1
ERRORS IN HEBGEN LAKE DATA
Data Type Error
Leveling* al” X 107 m (random error)

20 X 107° Ah m (residual rod error)
40 X 107° Ah m (residual refractory
error)
Average = 15 mm
Highway turning points ~0.3 m

L.ake shore ~0.08 m for values = 4.7 m
~0.6 m for values > 4.7 m
Fauit scarp 0.9-1.5m

rms signal = 2072 mm
rms pure error = 176 mm

* Ah and L are the topographic height difference, and the distance
from a reference bench mark, respectively. « is given in Table 2.

the lake boundary. The estimated precision of all of these measurements are
summarized in Table 1.

Leveling lines. Leveling data have beerf divided into preseismic (1923 to 1948
surveys) and postseismic (1959 to 1964 surveys) groups. Differences in elevations,
topography, and estimated errors (discussed below) along the three lines are shown
in Figures 4, 5, and 6 for lines 1, 2, and 3, respectively. The zero level of elevation
change along these four lines has been taken as the asymptote of the signal for
distances greater than 50 km from the lake.
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Fic. 4. (a) Elevation change at Hebgen Lake between the 1959 and 1934 surveys along the A-A’
profile of Figure 2. (b) Errors associated with the elevation change in A-A’. Solid line is the envelope of
the random errors which propagate as the square root of distance. Dashed line is the combination of
residual rod and refraction errors. (¢) Topographic relief along the route.

All first and second order data have been corrected for level collimation, rod
excess, and rod thermal expansion. The atmospheric refraction correction was
estimated using the REDUC4 program of Holdhal (1981). Table 2 shows line
number, National Geodetic Survey designation, survey specification, and standards
of each survey. The standard deviation 8 obtained in repeated measurements of the
same sections of a line gives a good indication of the random errors for adjacent
bench marks. Bomford (1971) states that the random error ¢ should propagate as ¢
= aL'?, where ¢ is in millimeters, « is a function of 8, and L 1is distance in
kilometers. If the survey is double ruff with a bench mark spacing of 1 km, then 3
should be about one-third of the rejection tolerance. This relation can be seen in
Table 2. If 8 follows a Gaussian distribution, then a = 8. The propagation of random
errors in the elevation changes (postearthquake less preearthquake elevations) is
determined by ar = veu? + a.?, where a; and «; are the corresponding values for
the pre- and postearthquake surveys. When dealing with lines composed of more
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FiGg. 5. Same as Figure 4, for line B-B"’.

than two surveys, ar changes at the location where the surveys meet. Figures 4b,
5b, and 6b show the envelopes of the random errors (solid lines) associated with
leveling lines 1, 2, and 3. The residual rod and refraction errors, after correction
using the rod calibration certificates and temperatures measured at each section,
are estimated to be 20 X 10~® Ah m from Stein (1981), and 40 X 10~° Ak m from
Stein et al. (1986), where Akl is topographic height difference along the profile
(bottom panels of Figures 4 to 6). These two residual errors are combined following
the law of error propagation er = ve;” + e,° and are plotted as dashed lines in
Figures 4b, 5b, and 6b.

The coseismic elevation differences span a 30-yr period, and thus includes possible
deformations preceding and following the 1959 event. Reilinger (1977, 1985, 1986)
has argued that significant deformatiorf followed the earthquake. Savage et al.
(1985) measured large horizontal extension normal to the fault (0.3 ppm/yr) during
1973 to 1984. We conducted two tests of intrasurvey movement during the periods
1934 to 1948 (preseismic) and 1959 to 1964 (postseismic) for the loop around the
lake. The tests revealed negligible aseismic deformation and yielded random errors
consistent with the a priori error estimates.
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F1c. 6. Same as Figure 4, for line C-C".

Movement during a 14-yr period before the earthquake (1934 to 1948) and a 5-yr
period after the shock (1959 to 1964) can be assessed by the misclosure of the circuit
that skirts the epicentral region. This procedure has been applied by Chi et al.
(1980) to investigate vertical crustal movements in Western United States. We
recovered third order double-run leveling along the C-A profile that closed the loop
around Hebgen Lake (bench marks labeled 4, 3, 6, and 7 in Figure 2). Bench marks
9 and 3 were releveled in September 1986, tied to bench marks 1 and 4, and were
not included in the following misclosure analysis. The preseismic circuit consists of
the 1934 NGS lines L2986, 1.2992, 1.2997 and the USGS 1948 MV152a line. The
—68.6 mm (clockwise) misclosure over the 106.2 km circuit indicates a value of a7
= 6.6 mm/km"2 A composite value of ar can be predicted from each individual «
(from Table 2) as Va,2 + --- + a,°. For the loop, n = 4 and ar = 5.6 mm/km'/?,
The postseismic loop was closed usfhg the 1959 NGS line L17565, the 1964 line
.19913, and the U.S. Geological Survey 1963/64 PV508a/568a. The —47.1 mm
postseismic closure indicates a value of ar = 4.6 mm/km'/2. In this case, n = 3 and
&r = 7.8 mm/km'/% Values of ar thus predict the random error present in the total
composite line. Because the observed misclosure is about the same as that estimated
by propagation of random errors, intrasurvey movement during 1934 to 1948 and
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TABLE 2
HEBGEN LAKE LEVELING SPECIFICATIONS
N S.D.
Line No. NGS Line H(GZ Survey Period [}'c--uble o ﬂrdm: Rejection Tolerance i or
Single Run  of Leveling {mm) () (mm)
Line1 L2986 Oct. 1934 Single Second 8.4 2.80 3.06
[L17565 Sept. 1259 Double  First 4.0 1.24
Line 2 L2992 Oct. 1934 Single Second 8.4 2.38 9 74
1.18104 Aug.—Sept. 1960 Double  First 4.0 1.36
82410 Oct.—Dec. 1923 Double  First 4.0 1.60 211
1.18004 July-Aug. 1960 Double  First 4.0 1.37
82414 Oct. 1923 Double  Second 8.4 1.47 195
L.18098 Sept. 1960 Double  First 4.0 1.28 ™
Line 3 L2997 Sept. 1934 Single Second 8.4 2.80 3 08
19913 Sept.-Oct. 1964 Double  First 4.0 1.29
MV152a* July-Aug. 1948 Double  Third 12.0 3.25 8 96
PV508a/568a* July 1963-0ct. 1964 Double Third 12.0 7.6 '

* Third-order surveys performed by the U.S. Geological Survey.

1959 to 1964 was small (<50 mm) or nonexistent in the vicinity of the earthquake.
A broad uplift of the entire area as suggested by Reilinger (1977) cannot be detected
with this test.

Postseismic error can also be assessed by examining bench marks that were
surveyed twice after the earthquake. A 15-km segment of the line B-B’ (from BM
5 EI109 USDA to 5 EI138 USDA in Figure 7, a and b) was first leveled in 1934 and
releveled in September 1959, in 1960, and partially in 1964. Apart from local
subsidence across the fault trace, less than 10 mm of deformation occurred. In the
year immediately after the earthquake, postseismic subsidence reached a maximum
of 35 mm relative to neighboring bench marks. This is about 2 per cent of the
maximum coseismic subsidence.

Turning point heights on the highway. When bench mark recovery was poor, the
prequake elevation profile of Highway 287 northwest and west of Hebgen Lake was
reconstructed by Myers and Hamilton (1964) from the heights of the base of the
rods (turning points) along the road surface. The rod turning point heights and
distances were recorded in the field books of the Bureau of Public Roads leveling
crews, but the exact location of these points could not be recovered. Coseismic
deformation was found by comparing these measurements with those obtained in
the postquake survey performed by the Coast and Geodetic Survey. Myers and
Hamilton (1964) estimate the uncertainty of the turning point measurements to be
about 0.3 m.

Lake shore height changes. Shoreline measurements were made several weeks
after the earthquake by Myers and Hamilton (1964, p. 75). The high water mark
was recognized by stained rocks and posts, the limit of the beach sand, cuts in
unconsolidated material, and grounded driftwood. The submerged former shoreline
was determined on the basis of submerged trees, shrubs, and plants. Since the lake
level was recorded daily at the tide gage on Hebgen Dam, these measurements were
tied to the leveling lines. Where the pdstquake lake level was lower than the
prequake level, the difference could be easily established, and the uncertainty was
estimated to be of the order of 0.06 m (Myers and Hamilton, 1964). In those cases
where the prequake lake level was submerged after the earthquake, two different
uncertainties were associated to these measurements: Q.08 m for values of subsidence
less than 4.7 m and 0.6 m for subsidence greater than 4.7 m.
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Fic. 7. Comparison of the coseismic (1934 to 1959) deformation at Hebgen Lake (a) with two
intervals of postseismic (1959 to 1960 and 1960 to 1964) deformation (b} along a segment of the B-B’
line. Vertical dashed line is the intersection of the survey line with the Red Canyon fault trace. Localized
subsidence of 35 mm is restricted to 1 to 2 km from the fault. Topography along this segment (c).

Fault scarp measurements. Ruptures on the Hebgen, Red Canyon, and Madison
Range fault scarps were associated with the Hebgen Lake event (Figure 2). The
Hebgen scarp is roughly linear, 12 km long, and runs parallel to the northeastern
shore of the lake. The fault had a maximum vertical displacement of 6.7 m. It dips
southwest between 60° ~ 85° at the ground surface with the southwest block
downthrown. The arcuate Red Canyon scarp extends for about 22 km with a
maximum vertical displacement reaching 4.7 m near its mid-point. Its southwest
dip varies from 50° to 85°. Both of these scarps share the trace of older faults.

Secondary features in the area are the West Fork and Kirkwood scarps. They are
roughly linear, 3 km long, and locate at the northwestern end of the Red Canyon
scarp. Maximum vertical displacemgnt on these secondary scarps reached 1.2 and
0.6 m, respectively. Minor scarps and fissures with maximum vertical displacements
up to 0.2 m were produced in the Bull Lake glacial moraine (4 to 5 km south of
Hebgen Lake, Figure 2). A new scarp was formed on the prehistoric fault that runs
along the western side of the Madison Range near Missouri Flats (Figure 2). This
new feature extends for over 4 km with a vertical displacement up to 1 m.
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Witkind, Epstein, Myers, Hamilton, and Hayes (U.S. Geological Survey, plate 2,
1964) gave values of scarp displacements corrected for the ground slope, grabens,
subsidiary fractures, and local slumping. The uncertainties of the vertical displace-
ment {throw) are 0.9 to 1.5 m (Witkind, oral communication, 1986).

Turning points on Highway 287, lake shore height changes, and fault scarp offsets
were digitized from plate 2 of Myers and Hamilton {(1964).

PLANAR FAULT MODELS WITH UNIFORM SLIP
Single plane

The dislocation surface is simulated by the superposition of point sources uni-
formly distributed over the fault plane. The fault surface is characterized by its dip
angle, length along strike, and length in the down-dip direction (width). The strike
and the location of one end of the fault are also required to specify the position of
the fault plane. Expressions for the vertical displacement resulting from a static
moment tensor buried at a given depth can be found in Okada (1985) or Ward and
Barrientos (1986). The average displacement, i, is estimated by dividing M (scalar
moment) by uAS, where u is the rigidity and AS is the fault area.

We searched by trial and error for the parameters that best satisfy the data in
the least-squares sense, inverting for the magnitude of pure dip-slip. Because the
data present unequal uncertainty, the inversion is weighted, with weights inversely
proportional to the variances of measurement error (see Table 1).

The best single plane is shown in Figure 8. The average displacement is 11 m.
Because the northwestern extension of the fault is poorly constrained by the
westernmost points of line 1, the length along strike ranges from 18 to 30 km,
accepting a 10 per cent variance increase. Data of line 2 (B-B’) constrain the
southeast corner position and the depth of burial of the fault plane at the intersection
of this line with the fault plane, and the lake data constrain the fault dip to 50° +
5° and width to 13 to 20 km, corresponding to a vertical depth extent of 10 to 16
km. The total moment is 1.3 X 10*° N-m (for ¢ = 3.23 X 10! Pa). These values are
not. significantly different from those obtained by Savage and Hastie (1966),
although they considered a fault striking about N110°E [according to the focal
mechanism obtained from P-wave polarities by Ryall [1962)]. This study suggests
a plane strike of N126°E.

- 11/2

1 N
N rfw?*t , where the residual r;
N~ K="

= 0; — ¢; 18 the difference between observed and predicted elevation changes. N =
170 is the number of data pﬂints, and K is the number of independent parameters.

; 1s defined as ¢/0; ]where o;* is the uncertainty of the ith nbservatmﬂﬂpmnt and

7= N |YL, 6;7%| . The rms pure error is defined as | — 2;_1 ;2| . The rms

The weighted rms misfit 1s given by

— =

signal to be modeled 1s 2072 mm, and the rms pure error is 176 mm. Thus, the rms
signal-to-noise ratio is 12. The single-plane model produced 726 mm rms misfit,
four times greater than the pure error.

Two planes ¥

Following the strategy used for the single-plane model, we inverted for slip on
two different faults. The location and strike of both fault planes were perturbed
around the mapped Hebgen and Red Canvon faults to satisfy the large elevation

changes along line 1. The best two-plane uniform slip model is shown in Figure 9.
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FiG. 8. Best single-plane model for Hebgen Lake. The upper box shows the data distribution and the
surface projection of the fault plane. Observations and predicted vertical elevation change (dashed) along
the lines A-A’, B-B’, and C-A. Two projections of lake shore height changes (circles} are compared with
the theoretical values in the lower box. Misfits of bench marks (triangles) and turning points {crosses)
along the lake and line A-A’ suggest a multi-planar source,

Given the added degrees of freedom to the two-plane inversion, is the improve-

ment in fit over the single plane significant? To compare the variance of misfits of
two models, we construct the ratio

_ (SSRy — SSRy)/(n1 = »2)
%} SSRl/V1

to analyze the F,(»,, vy) statistic (e.g., Langbein et al., 1983). The quantities SSR,
and SSR, represent the weighted sum square of residuals for the single-plane and
two-plane model. »; is the number of degrees of freedom of the ith model, », is (f;
— f2), and v, = N — fi — 1, where N is the number of observations and f; is the
number of free parameters of the ith model. The sum square of errors dropped from

F
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F1G. 9. Same as Figure 8 for the two-plane modefy Two overlapping fault planes that closely follow
the rupture traces and dip 45° and 50° best satisfy the observations.

165 to 37 m* when 9 degrees of freedom were added. F = 13.3 is significant at the
99 per cent confidence level. Thus, the two-plane model fits the data significantly
better than the single-plane model.

Characteristics of the southeastern (fault 1) and the northwestern { fault 2) planes
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include: slip on fault 1 is similar to that on fault 2 (7.8 to 7.0 m). The associated
scalar moments are 5.2 X 10" and 6.8 X 10" N-m. The 1.2 X 10?° N-m combined
moment 1s very close to that given by the single-plane uniform slip model. The
southeast corner and depth of burnal of fault 1 at the intersection with line 2 is
well-constrained. Changes in strike of fault 1 (128° to 143°) can be compensated
by perturbing the plane location by a few kilometers without altering the overall
fit. Plane 2 dips 50° £ 3° to the southwest. Plane 1 dips 45° basinward, Greater
values (60°) increase the sum square of residuals (to 41 m?) but tend to reduce the
systematic misfit along line 2 (B-B”). The extent of both planes is well-constrained
to the southeast but poorly constrained to the northwest, particularly plane 2.
Values of fault length vary from 15 to 25 km. Downdip widths are 9 to 16 km for
plane 1 and 11 to 18 km for plane 2.

The observed scarp heights along the Red Canyon and Hebgen faults (solid line)
can be compared to the predicted slip from the uniform slip model (dashed line) in
Figure 10 (top). The model overestimates the surface slip along both faults, partic-
ularly at the western end of the Hebgen fault, where the model predicts about 7 m
and no surface breakage was detected. In this region, the Paleozoic limestone that
the normal and Laramide thrust faults both follow no longer crops out at the
surface.

Seismicity in the Hebgen Lake region during 1973 to 1981 is presented in Figure

Hebgen Scarp Red Canyon Scorp

Vertical displacement (m)

-

F- - —_ —_ _— e — — ———

J O

0 5 10 s 20 25 30 35
Distancg (km)

Fic. 10. (Top) Fault scarp offsets at Red Canyon {circles) and Hebgen faults (triangles) compared to
the predicted vertical displacement of the two-plane model {dashed). (Bottom) Observed (solid line) and
redicted fault scarp offsets at the 1983 Borah Peak ruptured segment. Constant slip of 2.2 m is predicted
Ey the single-plane model (constant solid line). The two-plane model predicts 2.1 m toward the SE and
1.4 m at its NW end (dashed line).
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Fig. 11. {a) Seismicity of the Hebgen Lake region from 1973 to 1981 (Pitt, 1987) and seismograph
stations (triangles) superimposed over the lake and the 1959 ruptures (solid lines are normal faults and
dots represent thrust faults). (b) Cross-section along A-A’ showin the best two-plane coseismic model.
Only epicenters within the dashed box and location quality A and B are plotted. (c) Same as (b) with
the listric model. The curved plane abuts the planar fault at a depth of 8 km.

v

11a, after Pitt (1987). The epicentral distribution of these events (locations with

qualities A, B, and C) is similar to aftershocks recorded for the period 1964 to 1972
in Eaton et al. (1975). Unfortunately, station coverage before 1973 was too sparse

to compare hypocentral locations. Figure 11b superimposes the best two-fault planar
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model on a cross section of the 1973 to 1981 hypocenters (quality A and B locations
only) normal to both faults. Events concentrate on the southeastern half of plane
1, leaving plane 2 depleted of aftershocks.

Doser (1985) analyzed the source process, fault geometry, and hypocenters of the
main shock and the larger aftershocks of the Hebgen Lake event. She concluded
that the main sequence was the result of two subevents of magnitude m, = 6.3 (M,
= 3 X 10'"* N-m} and m, = 7.0 (M, = 1 X 10*® N-m) separated by 5 sec. The larger
shock occurred at 15 * 3 km depth with a dip of 50° + 5° from long-period data
and 60° & 5° from short-period polarities. Doser (1985) finds 10 to 20 km uncer-
tainties associated with the epicenter location of the main shock, but estimates that
the second event of the sequence occurred 5 to 8 km south of the first.

Madison Range fault. Newly recovered leveling data (bench marks 2 to 7, north
of Henrys Lake, Figure 2) allow us to bracket the coseismic slip on the Madison
Range fault (Figure 1) which showed about 1 m of surface offset during the 1959
earthquake and about 11 m of post-Pinedale (<15,000 yr) movement (Mathieson,
1983) along a 15-km segment centered on the 1959 rupture. Doser (1985) reports
that a 23 November 1947 shock occurred on the Madison fault about 10 to 15 km
north of the 1959 rupture, with a Modified Mercalli intensity VIII (M; > 5.5). Part
of this fault was reactivated during the 1959 event forming a new scarp nearly 4 km
long (Figure 2). The reactivated segment shows concentrated seismicity during 1973
to 1981 that may, however, be aftershocks. The formation of this new scarp and the
east-west topographic relief of the Hebgen l.ake Basin, Madison Range, and
Missouri Flats (between Madison Range and Cliff Lake, Figure 2) led Fraser et al.
(1964) to postulate the “dual-basin” concept. They proposed that during the 1959
event, the Hebgen Lake basin subsided 2 to 6 m and that the basin on the
downthrown block of the Madison fault subsided 1 to 2 m. Instead, the subsidence
measured at bench marks 4 and 5 (Figure 2) i1s less than 0.5 m and is localized to
the 1959 scarp.

To quantify permissible slip on the Madison Range fault, we included a third
plane in the inversion procedure. The length (12 km) and strike (180°) of this plane
coincides with the late Quaternary fault scarp that runs along the west front of the
Madison Range (Christiansen, 1986). We fixed the dip at 50° to the west, the width
to 12 km, and inverted simultaneously for the dip-slip on the Madison, Hebgen and
Red Canyon faults. The slip on the Madison Range segment required by this model
1s 0.6 = 0.5 m and reduces the variance for all data by ~5 per cent, which is not
statistically significant. The observed coseismic deformation permits up to 1 m of
deep slip M, = 4.6 X 10'® N-m) on the Madison Range fault in 1959, but does not
require it.

Listric faults. Faults with dips that flatten with depth were also tested and
compared to planar sources. The point source representation of the fault surface
allows numerical integration of the contributions of the individual elements over a
surface of any shape. For parabolic fault surfaces, a functional dependence of x and
zis x = b,z + by2°, where 2 is depth and x is horizontal distance of each point source
to the fault trace. The constants b; and b, are the fault shape parameters to be
determined. They can be interpreted as the cotangent of the surface dip and the
curvature of the fault. All planar faults aré contained in the special case b, = 0.
Listric faults with surface dip of 50° would, for example, require b, = 0.85 and
by > 0.

We systematically varied values of b; and b, for both faults of the best two-plane
model covering surface dips from 35° to 80° in listric (b; > 0) and antilistric (b, <
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F1G. 12. Same as Figure 8 for the best listric model for Hebgen Lake.

0) cases. When plane 1 was made modestly listric, the variance of fit was reduced
from 37.4 m® (best two-plane model) to 36.9 m® An F-test indicates that the
increment on one degree of freedom makes the improvement not significant at the
90 per cent confidence level. No improvement of fit was observed when curvature
was imposed on plane 2. The effects of the curvature with depth for fault 1 are
shown in Figure 12. The curved plane 1 (Figure 11¢) abuts the planar fauit at a
depth of 8 km, producing a wedge-shaped block. Doser (1985) proposed a similar
fault geometry, based on the surface rupture and earthquake focal mechanisms of
the main shock and largest aftershocks of the 1959 event.
.

1983 BORAH PEAK, IDAHO EARTHQUAKE
Data

T'wo types of data are used to analyze the deformation associated with the Borah
Peak event: leveling lines and fault scarp offsets. The preseismic {(a combination of
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TABLE 3
_________ BORAH PEAK LEVELING SPECIFICATIONS
. 8.5,
Line No. NGS Line HGZ Survey Period Double Order Rejection Tolerance = 7
or Single Run of Leveling (mm) (mm}
—— - o, {mm]
Line ] 1951 Oct.-Nov. 1933 Double First 4.0 1.83
[L12785 Aug. 1948 Single Second 8.4 2.8 3.3
L.24906 June 1985 Single First 4.0 0.49
Line 2 [.951 Oct.—Nov. 1933 Double First 4.0 1.83
L24906 June-July 1985 Single First 4.0 0.49 19

1933 and 1948 leveling) and postseismic (1983 to 1984) surveys are described by
Stein and Barrientos (1985a, b). In this study, we use the 1933 to 1948 preseismic
surveys and new postseismic leveling data acquired during July 1985. This data set
consists of two lines: line 1 reoccupies the 1984 survey oriented normal to the fault,
and line 2 (squares on Figure 3) runs parallel tc the main fault trace at an average
distance of 5 to 6 km on the downthrown block. Line 2 imposes stronger restrictions
on the northern extension of the rupture surface than was available to Stein and
Barrientos (1985b) and Ward and Barrientos (1986), and also bounds the slip on
the en-echelon northern segment of the fault. The survey specification and stand-
ards of the 1933 to 1948 and the 1985 surveys are shown in Table 3. The postseismic
survey includes 20 months of deformation that followed the earthquake. Stein and
Barrientos (1985a) have shown that the 1983 to 1984 postseismic slip is 2 per cent
of the coseismic slip; thus, the slip that we determined using the 1985 leveling is
probably 2 to 5 per cent larger than the coseismic value. Since our intent is to
discover the subsurface fault geometry, the inclusion of some postseismic (1983 to
1985) slip 18 incidental.

The rms signal i1s 463 mm and the rms pure error 12 mm. The rms signal to noise
ratio 1s 38.

Fault scarp measurements. The total length of the surface rupture associated
with this earthquake is about 36 km. The maximum vertical displacement reaches
2.7 m, with about 17 per cent of the slip left-lateral. The maximum surface throw
along the northern fault segment is 1 m (Figure 3). The throw is generally less than

0.5 m on the en-echelon segment but reaches a maximum value of 1.6 m (Crone and
Machete, 1984; Crone et al., 1985).

PLANAR FAULT MODELS WITH UNIFORM SLIP
Single plane

We searched by trial and error for the parameters that best satisfy the data in
the least-squares sense, inverting for the magnitude of the slip. In this procedure,
only the leveling data was used, and we fixed the strike of the plane to be coincident
with the trend of the fault trace. The best single plane is shown in Figure 13. The
characteristics of this plane are: dip = 49°; slip = 2.2 m: width = 18 km; and fault
length = 23 km. The total moment is 2.9 X 10'* N-m (for u = 3.23 X 10'° Pa) and
the static stress drop is 3 MPa (30 bars), using Kanamori and Anderson’s (1975)
formula for stress drop of an infinitely long dip-slip fault. These values agree with
those previously estimated by Stein and Bagrientos (1985a, b). The rms misfit is 39
mim, four times the rms pure error.

Two planes

The misfit in line 2 suggests that a more complex model would improve the fit.
We selected the position and dimensions of a second plane based upon the results
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F1G. 13. Best single-plane meodel for Borah Peak. The top box shows the data distribution and the
surface projection of the fault plane. Observations (solid} and predicted elevation change (dashed) along
the lines A-A’ and B-B’ are shown in the lower boxes.

of Ward and Barrientos (1986), who found a thin segment (~10 km long by ~5 km
width) with a maximum slip of 2 m. We varied the dimensions of both planes, but
fixed tHe strike, dip slip angle (rake), and depth of burial to minimize the added
degrees of freedom.

The best two-plane uniform slip model is shown in Figure 14. This model consists
of two faults dipping 49°SW. The main plane is 18 X 18 km with 2.1 m of slip and
a second 8 X 8 km plane with 1.4 m of slip located along strike northwestward of
the main plane. The sum square of errors dropped from 0.062 to 0.029 m?® when 6
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degrees of freedom were added to define the northern fault segment. The F ratio is
3.3, significant at the 99 per cent confidence level. The inclusion of the second plane
improves the correspondence between observed and predicted surface scarp offsets
shown in Figure 10b (the solid line represents one uniform slip plane and the dashed
line represents two planes). The rms misfit 1s 30 mm, 2.5 times the rms pure error.
No further planes are required to fit the data, which indicates that slip on the
northwestern en-echelon fault trace was surficial. Agreement of the model plane
with focal mechanism of the main shock (Doser and Smith, 1985; Barrientos et al.,
1985) and aftershock locations (Richins et al., 1985) can be seen in Figure 15.
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FiG. 14. Same as Figure 13 for the best two-plane model. This model produces a significantly better
fit than the single-plane model, particularly toward the northern end of line B-B"’.



THE HEBGEN LAKE, MT AND BORAH PEAK, ID, EARTHQUAKES 803
0

5
S
=
z 10
|_...
Ll
LL
-
15
20
20 10 0

DISTANCE NORMAL TO FAULT (KM)
Fi1G. 15. Borah Peak coseismic model with main shock and aftershocks from Richins et al. {1985).

TABLE 4
COSEISMIC MODEL PARAMETERS
M Km
Plane ’ M, Ao Slip Listric
R N MMaE::;e (10" N-m) (MPa) (M) wigh Length Depth Dip  Feult Shape
1959 Hebgen 1 7.1% 5.4 18 7.0-82 9-16 15-25 7-12 45° Not demanded
Lake, MT
2 7.1% 6.8 11 6.5-7.8 11-18 15-25 9-14 50° Not permitted
lgf,ii“‘i%‘ 1 6.0 - o 21 18 18 14 49° Not permitted
' 2 ' ' ' 1.4 8 8 6 49° Not permitted

* Combined moment magnitude is 7.3,

Listric faults

Inversion for curvature was followed to determine whether the I.ost River fault
is listric at Borah Peak. Unlike the case for the Hebgen Lake event, the fit was
degraded for any nonplanar combination of b, and b,. Thus, neither listric nor
antilistric faults are permitted by the data. This result confirms previous geodetic
studies performed by Stein and Barrientos (1985b) and Ward and Barrientos (1986)
with a smaller set of leveling data.

DISCUSSION

Given the different tectonic environments of Hebgen Lake and Borah Peak
earthquidkes, the geometric features common to both events are more important
than their differences (Table 4). Both earthquakes occurred on nearly planar high-
angle normal faults dipping 45° to 50°. Both earthquakes had slip extending to a
depth of about 10 to 15 km. Neither of the events permits significant amounts of
listric curvature of the faults at depth. The two planes associated with the Hebgen
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Lake event and one with the Borah Peak earthguake also share similar moment-
magnitudes (M = 7.1, 7.1, and 6.9). These features may typify large earthquakes in
the Basin and Range Province. Larger event magnitudes are possible if more than
2 to 3 faults or fault segments rupture at once.

The fault-plane solutions and nucleation depths for the Hebgen Lake sequence
derived from teleseismic long-period seismograms agree well with the coseismic
model derived from geodetic observations, aithough there is some discordance in
the strike of the Hebgen fault. The body wave solution is 110°E (Ryall, 1962; Doser,
1985), and we obtain an average value for the two planes of 132°E. The fault planes
modeled for both earthquakes also coincide with aftershocks. In the Hebgen Lake
region, the coseismic faults become more shallow toward the Yellowstone magma
body, a feature that 1s shared by the seismicity of the region (Fournier and Pitt,
1985).

The most striking differences between the Hebgen lL.ake and Borah Peak earth-
quakes are the much greater slip (7.5 m versus 2 m), static stress drop (17 and 14
MPa versus 3 MPa}, and the greater complexity of the Hebgen Lake earthquake.
The seismically determined static stress drops are 9.7 MPa for the Hebgen Lake
sequence (Doser, 1985) and 1.7 MPa for the Borah Peak event {Boatwright and
Choy, 1986). From seismic records, the Borah Peak event appears as a simple
unilateral rupture, whereas Hebgen Lake shows two events separated by 5 sec. The
first subevent in the Hebgen Lake sequence, however, is so small (M, = 3 X 108
N-m, stress drop = 1.8 MPa) that slip on both planes must be contained in the
second subevent (M, = 1 x 10 N-m).

Several investigators have proposed that low-angle faults are active at depths of
2 to 10 km in the Basin and Range (Wernicke, 1981; Smith and Bruhn, 1984).
(zeodetic modeling argues against shallow slip on listric faults at Borah Peak and
Hebgen Lake. Stein and Barrientos (1985) concluded that slip did not occur on the
preexisting White Knob low-angle thrust fault close to the Lost River fault. In the
case of Hebgen Lake, the surface trace of the normal fault closely follows the
Laramide thrust faults. The trace of the Red Canyon fault and the preexisting
thrust both lie in a massive limestone or follow a contact between the limestone
and thinly bedded shale. The trace of the Hebgen fault closely parallels a thrust
fault in the limestone. This suggests that the limestone is the weaker element in
the Laramide structure. Experimental evidence suggests that the strength of lime-
stone diminishes more rapidly with depth than do silicate rocks (Olsson, 1974).
Both the formerly active thrust faults and the currently active normal faults appear
to have exploited the lower strength of the limestone bed within the sedimentary
rocks. Neither fault can be traced beyond the limestone surface outcrop, although
significant normal slip 1s modeled at depth in crystalline rocks at the ends of the
fault. The surface association and the fault dips obtained from geodetic and body
wave modeling imply that if normal slip occurred at depth on reactivated thrust
sheets, the thrusts must dip about 50° and that these are not detachment or ramp

features.
The two-plane geodetic model at Hebgen Lake does not satisfy two observations:

the uplift centered on the bench marks 3 to 6 km north of Henrys Lake (Figure 2),
and the 0.3 to 0.6 m subsidence of the north shore of Cliff Lake with respect to its
southern end (see Figure 2). Reilinger et al. (1977) interpreted the former as an
anomalous uplift in the broad doming of the region. The CLiff Lake tilt was based
on casual observations (Myers and Hamilton, 1964, p. 78). Neither observation can
be explained without localized sources. An aftershock, M = 6.0, occurred near Cliff
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Lake about 48 hr after the main shock (Doser, 1985). The coseismic deformation
associated with this event could be partly responsible for the observed subsidence.

Despite similar fault-plane area, the Hebgen Lake earthquake i1s much larger
than the Borah Peak shock. Whereas the static stress drop for Borah Peak (~2
MPa) is typical of normal faulting events {(Doser and Smith, 1985), and the 2-m
surface slip is similar to the prehistoric rupture of this segment of the Lost River
fault as well as other events on well-studied normal faults, such as the Wasatch
(Schwartz and Coppersmith, 1984}, rupture on the Red Canyon fault yields a stress
drop an order of magnitude larger. Scant evidence from the height of the Holocene-
Pleistocene fault scarps of the Red Canyon fault (Meyers and Hamilton, 1964, p.
65; Wallace, 1980) suggests that prehistoric rupture of the Hebgen Lake faults had
a surface slip similar to the 1959 event.

It is possible that the higher stress required to break largely intact rock at the
ends of the extending and coalescing faults results 1n a larger stress drop than for
a central segment of a long, well-established fault. Laboratory evidence shows that
larger stress drops accompany fracture of intact samples (Byerly, 1967; Summers
and Byerly, 1977). The model faults extend well beyond mapped fault trace (Figures
9 and 11), which lends some support for this hypothesis. It 1s likely that the stress
required to coalesce small fractures into one fault 1s less than that needed to break
unfractured rocks, but perhaps it is still greater than that required to cause slip
along straighter faults. There 18, however, little evidence to suggest that large
earthquakes on older straight faults have lower stress drops than young short faults.

CONCLUSIONS

Geodetic analysis of the Borah Peak static deformation field reveals, in agreement
with previous studies, that the observations can be satisfactorily explained by one
planar, nonlistric, uniform-slip source on a segment of the Lost River fault. This
plane, 26 km long, dips 49° and decreases its width from 18 to 8 km and its slip
from 2.1 to 1.4 m in the northwestern segment of the rupture.

Similar analyses in the Hebgen Lake region reveal a more complex source. The
source consists of at least two en-echelon planes that coincide with new scarps
along Hebgen and Red Canyon faults. Both planes are 15 to 25 km long, dip 45° to
50°, with 7.0 to 7.8 m of slip. The Red Canyon fault may be slightly listric, but the
Hebgen Lake fault must be planar. It is particularly interesting that this normal
fault does not become listric at depth even though there is a L.aramide thrust fault
in proximity. If normal slip occurred at depth on the reactlvated thrust fault, the
thrust fault must dip at about 50°.

West of Hebgen Lake, coseismic slip in 1959 of the Madison Range normal fault
could not have exceeded 1 m (M, = 4.6 X 10'® N-m). Qur model does not permit
more than 1 m of slip along the Madison Range fault and 1s consistent with the
absence of deep slip. Thus, the “dual-basin” hypothesis is inconsistent with our
results.

The geodetic models for both events are consistent with depth and focal mecha-
nism of the main event and aftershock locations. In the case of Hebgen Lake, the
strike of the faults is slightly discordant with that predicted by the seismic fauit
plane solution.
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COMPARISON OF THE 1959 HEBGEN LAKE, MONTANA, AND THE
1983 BORAH PEAK, IDAHO, EARTHQUAKES FROM GEODETIC
OBSERVATIONS

By SERrGIO E. BARRIENTOS, R0OSS 5. STEIN, AND STEVEN N. WARD

We regret that the geographical coordinates given in Barrientos et al. (1987) for
the model faults in Figures 8, 9. and 12 were incorrect. The correct coordinates
for the mid-point of the upper edge (or top) of the model fault, projected vertically
to the ground surtace, are as follows:

Hebgen Lake earthquake, best single-fault planar model (Fig. 8):
latitude: 44°49.7° longitude: 111°15.0°
Hebgen Lake earthquake, best two-fault planar model (Fig. 9):
Plane 1: latitude: 44°49.6° longitude: 111°12.0°
Plane 2: latitude: 44°51.6° longitude: 111°18.7"

Hebgen Lake earthquake, best listric two-fault planar model (Fig. 12):
Plane 1: latitude: 44°49.6’ longitude: 111°12.0°
Plane 2: latitude: 44°51.6’ longitude: 111°18.7°

In addition. the definition for the degrees of freedom in the equation for the F-
statistic on p. 794 are incorrect. The parameter v, = N—-fi-l,andvu=N~—fo—
1. All other source parameters and equations given in the text, tables, and figures
" are correct. We thank Sanford R. Holdahl of the National Geodetic Survey for
bringing this error to our attention.



